Absfracf--WENDELSTEIN 7-X being under construction at the Grelfswald branch of the Max-Planck-Institut fur Plasmaphysilr, has the objective to prove the reactor relevance of a HELMS type stellarator. Energy and particle confinement will be investigated In an optimised magnetic configuration and stationary operation of a reactor relevant diverlor system will be demonstrated. After an intensive R&D program, the project Is in the phase of procurement of the main components. This holds for the magnet system the cryostat, the in-vwel components, the heating system as well as for various tools for the assembly. Start doperatlon Is scheduled for 2006.
I. INTRODUCTION
The WENDELSTEIN 7-X stellarator (W7-X) is the next step in the stellarator line of the Max-Planck-lnstitut fur Plasmaphysik. Garching. Germany (IPP) and is being built in the Greifswald branch of IPP. W7-X follows the successful experiment WENDELSTEIN 7-AS and is one of the largest fusion experiments under construction. W7-X has the objective to prove the reactor relevance of an HELIAS type stellarator. Energy and particle confinement will be investigated in an optimized magnetic configuration and stationary operation of a reactor relevant divertor system will be demonstrated. A detailed description of the scientific basis and the technical realization of W7-X was presented at the 17Ih SOFE [I] . For the sake of completeness a schematic view of Wl-X is shown in Fig. I and the main parameters are given in Table I . W7-X comprises fifty superconducting non-planar coils. to produce the main magnetic field, and twenty planar coils to vary it. The coils are arranged in five identical modules composed of two identical half-modules which are symmetric to each other. This arrangement allows a modular assembly of the device. The coils are fixed to a rigid central suppurl structure and have to be kept at a temperature of 4 K. For thermal insulation they are surrounded by a cryostat which consists of an inner vacuum vessel for the plasma, an outer vacuum vessel for the insulation vacuum, 309 connection pons for plasma heating, diagnostics and coolant supply, superinsulation and heat radiation shields on all warm surfaces. The power from the plasma is absorbed by high heat flux panels and actively cooled wall protection elements inside the plasma vessel. This paper briefly summarizes the results of the R&D program and presents the status of design and fabrication of the main components of the basic machine.
R&D PROGRAM AND RESULTS
The main elements of the R&D phase were the DEMO coil and the DEMO cryostat. The DEMO coil was a full-sized coil with all features of the series coils. The cryogenic tests were performed in the TOSKA test facility at Forschungszentrum Karlsruhe (FZK). A detailed report of the tests is given in [2]. The electrical behavior (critical current -18 kA at 6 T and 5.4 K -and quench characteristics) and the mechanical parameters (stresses and distortions at a mechanical load of up to 11.4 MN) of the DEMO coil were as expected and confirmed the design of the W7-X coils.
The DEMO cryostat represents one-eighth of the stellarator and comprises prototypes of original-sized components, except for the coils, which are replaced by dummies.
For details see [3] . The objectives of the DEMO cryostat have been to demonstrate the feasibility to manufacture and assemble the major components of the W7-X cryostat, and to investigate the thermal properties of the set-up. The manufacture of the components turned out to be very difficult and time consuming. For W7-X many details will be improved for faster production. Comprehensive tests were made at ambient and cryogenic temperatures as well as during bake out. The heat load to the 80 K shield confirmed the specification. The heat input to the cold components at 5 K turned out to be a factor of three higher than specified. This increased heat input could be explained by increased heat radiation from not perfectly cooled areas of the shields or from penetrations. These results have been very important for the laydut of the cryogenic system for W7-X and the demand on the quality of the cryogenic insulation.
Ill. THE WENDELSTEIN 7-X DEVICE

A. The magnet sysrem
The magnet system comprises fifty non-planar coils (five different types) for the standard magnetic field, twenty planar coils (two different types) for field variation, the central support structure, and the power supplies. The main part of the winding packages is the superconductor produced by the Germdtalian consortium VacuumschmelzelEuropa Melalli. The cable-in-conduit conductor (CICC) is composed of 243 copper stabilized NhTi strands enveloped by an aluminium alloy jacket in a coextrusion process. The choice of the AI-alloy considered that the conductor must be soft enough to be wound to the desired shape and can be cured after winding by a heat treatment to withstand the large forces in the machine. The development of a series production process for the CICC which meets the high quality standard necessary for safe operation of the magnet system was a very difficult and time consuming task. Especially the stringent conditions for the geometrical parameters and the continuous quality control needed a number of development steps. Meanwhile series fabrication of the 60 km of CICC has started.
All lines for the coil winding are manufactured, assembled, and commissioned. The complicatedly shaped winding moulds for the non-planar coils have been manufactured with high accuracy, producing only deviations of fractions of a millimetre across a coil diameter of 2.5 m. Winding has started recently at all companies. First measurements of intermediate layers of the winding packages showed that the geometry can be realized within tight tolerances. To minimize the dissipation of ohmic heat at cryogenic temperatures, low resistance joints for the connection of the different double layers within a winding package were successfully developed. Tesla achieved a resistance value as low as 12 pR at nominal current.
To withstand Lorentz forces of up to 3.6 MN each winding package is embedded in a stainless steel casing. For the non-planar coils this casing comprises two half rings which are completely cast and precisely machined by the Swedish company Osterhy Gjuteri. More than 25 rings have been cast so far. During the embedding process, the space hetween the winding package and the casing will be filled with epoxy-impregnated glass sand which ensures a uniform transmission of the forces from the conductor to the casing. To reduce the stress at cold temperature, a pre-stress is built up by heating the casing before filling the space with the material.
Based on the results from the DEMO tests, cooling of the coil housings is designed for a heat flux of 1.5 Wlm2. A combination of copper plates with high thermal conductivity and sprayed copper together with four cooling pipes along the edges of the coil will transmit this heat load to the helium coolant.
Finally on each coil a number of surfaces and holes have to be precisely machined to provide accurate means for exact assembly. Each coil will be instrumented with different temperature sensors to monitor cool-down and operation as well as strain gauges to observe deformations.
After the manufacture of the coils, each coil will be tested up to the nominal current in a special test bed at the Low Temperature Institute of CEA/Saclay.
The central support structure must keep the coils at their precise position under the large forces which have varying directions. This structure comprises ten individual segments spanning a central pentagon. It is manufactured by the Spanish company Equipos Nucleares S.A. The design combines a welded construction of sheet metal and precisely cast elements for the coil fixtures and the support legs. The manufacture is well advanced. The main challenge is to guarantee the fitting of the segments to form a perfectly closed "ring" without the possibility of a pre-assembly. This calls for very precise fabrication using templates and sophisticated measuring procedures.
The seven groups of magnet coils are energized by seven power supplies providing currents of up to 20 kA with a stability of 10.' at voltages of less than 30 V. These power supplies are manufactured by the Swiss company ABB. A fast and reliable discharge of the coils in case of a quench or other perturbations is realized by arc shoot breakers and pyro-breakers. The energy stored in the coils, which amounts to 600 MI. will be dumped to nickel resistors.
These resistors feature a high heat capacity and a strong increase of the resistance with temperature. This considerably reduces the voltage during the initial phase of the discharre.
B. Cryostat
The cryostat provides the thermal insulation of the magnet system and comprises the plasma vessel, the outer vessel, the ports, and the thermal insulation.
The design and manufacture of the plasma vessel must provide on the inside a maximum space for the plasma and the plasma-facing components and on the outside the necessary space for the thermal insulation of the vessel and clearance for the assembly of the coils. An iterative optimization process led to the final shape and tight geometrical tolerances in the order of IO-'. This is very demanding for a vessel consisting of up to 1000 3-D shaped stainless steel pieces with a thickness of 17 mm which have to be welded together. The outer vessel must have 1200 openings for ports, inter-coil connections, current leads, cooling-water supply lines, and feed-throughs for instrumentation. For assembly, the segments of the outer vessel need to be horizontally divided. Both vessels are manufactured by the German company Deggendorfer Werft. Presently the fabrication drawings are produced, tests for the welding are made and 250 t of stainless steel sheet material have been ordered. Production of the first pans has started at the end of 2001. For diagnostic, heating and supply 309 ports of different shape will he installed. The ports are produced by the Swiss company Romahau. Most of the manufacturing drawings have been prepared, material has been ordered, and tools for the installation of the ports into the cryostat have been designed. The first parts have been produced already.
Actively cooled shields with multilayer insulation will protect the cryogenic components against thermal radiation. These shields are made from sheet metal, covered with several layers of reflecting foils. and cooled by helium. Based on an optimized thermal effectiveness and economic mounting of the insulation the specification of the thermal insulation has been prepared and the tender has started.
C. In-vessel Components
The in-vessel components comprise the plasma-facing components (divertor, baffle, and first wall), the cryopumps, and the control coils. These elements are arranged in identical units in each of the ten half modules. All plasma-facing surfaces of W7-X will be covered with low-Z material and must be designed for continuous operation.
The divertor must handle a power of 10 MW. It will consist of standardized plane target plates, arranged in target modules, which can handle heat load densities of up to 10 MWIm'. The plates will be made from flat carbon fiber composite (CFC) tiles welded to a cooled support structure made of CuCrZr. Details can be found in 141.
For the baffle elements (heat loads up to 0.5 MWlm2) and the wall protection (heat loads of up to 0.1 MWlm2) two concepts will be used. Depending on the geometry and details of the heat load distribution, either flat carbon tiles clamped to water-cooled structures or inflated panels with integrated cooling circuit and a B C surface coating will be installed. Details can be found in [SI The design of the cryopumps and the control coils is well advanced. The control coils are used to influence the magnetic field structure close to the divertor and to sweep the power across the divertor for a reduction of the power density.
All components inside the plasma vessel will be ordered in 2002 and will be ready for installation in 2004.
D. Vacuum System
The vacuum system of W7-X must he capable to provide a base pressure inside the plasma vessel of less than 10~8 mbar before plasma operation and has to handle particle fluxes of up to 5x102' s-' at pressures of about mbar. The basic system will consist of turbomolecular pumps (TMPs). Due to the continuous operation of the magnet system the stray field imposes restrictions on the operation and positioning of the TMPs. Based on an extensive test programme with TMPs from different manufacturers, the size, position, operation, and magnetic shielding of the TMPs was optimised. TMPs with a pumping speed of 2000 Ils will be used which is a good compromise between size and compatibility with the magnetic field.
E. Heating system
Heating of W7-X is based on the three methods ECRH. ICRH, and NBI. The basic heating will be the ECRH at 140 GHz which should provide 10 MW continuously. This heating system will be provided completely by FZK in close collaboration with IPP and other institutes. The development of all components. especially of a I MW cw-gyrotron is very well advanced and the availability of the ECRH for the s t m of operation is most likely [6]. For the design of the ICRH system the very promising results from LHD and W7-AS will be taken into account. Detailed design which will start after the completion of W7-AS operation. The NBI system is based on the very successful ASDEX-Upgrade injectors [7J and will be available, at least with reduced power, at the start of operation of W7-X.
The installation of the high voltage power supplies used for the heating systems is very well advanced. These power supplies are based on the principle of pulse step modulation and are manufactured by the SwisdGerman consortium ThaleslSiemens. The first two modules, delivering 65 kV, 50 A cw, are being commissioned.
F. Control System
The W7-X experiment will be controlled by a master control system with local controllers for all subsystems. The local controllers will run automatically according to predefined routines and parameters, which will be set from the master control system. In order to structure the experiment and all other activities of the device, all periods of operation will be subdivided into segments of variable duration. A "segment programme" defines the operational rules and parameters of each unit in use. Segment processing and fast feedback control, which require data processing in real time, will be performed by PCs running the VxWorks real-time operation system. Standard PCs running general-purpose operating systems, e.g. Windows NT, will be used to provide the man-machine interface. A prototype for testing concepts was built. Precise timing and synchronisation of all actions on a time scale of microseconds are essential for operation of W7-X. A Trigger-Time-Event system with a central clock, a message manager, and signal distribution along glass fibres was realised.
IV. W7-X ASSEMBLY
For g w d confinement of the plasma, the exact five-fold symmetry of the magnetic cage must be guaranteed. Errors in shape or position of individual coils must be smaller than IO-! Such tolerances require precision tooling, stringent quality assurance and careful control during assembly. Mobile computer-controlled theodolites and laser trackers will be used during assembly.
The assembly sequence starts with stringing the coils of one half-module across the plasma vessel and positioning them in the correct position. Due to the small clearance between the coils and the plasma vessel, the plasma vessel of each half-module has to be divided into two parts which are welded together after the first coil has been positioned. A CAD study was conducted to model the mounting sequence and define the optimum size of the plasma vessel segments and the thermal insulation. A special handling tool was designed to string the coils with masses of up to 5 t precisely according to a pre-calculated path. Two mounting stands are required to allow parallel assembly of two half-modules in accordance with the delivery sequence of the coils.
The two prefabricated half-modules (coils, plasma vessel, and support structure) are then joined on a further mounting stand, where especially the coils and cooling lines of the half-modules are connected. This unit is then moved into the torus hall and lifted into the thermally insulated lower half of the outer vessel. After integration of support legs, the outer vessel is closed with the upper part and the ports and the in-vessel components are installed. As a consequence of the shape and specific arrangement of the coils, the modules can only be moved radially towards their final positions in the torus. Gliding rails and hydraulic actuators are used to move the modules with masses of 145 t o n the steel support.
After an integral check of the machine all supply lines and the heating units are installed before evacuation and cooldown can start. The high quality requirements resulting from the accuracy of the magnetic cage, low-temperature operation, and cleanness of the plasma-facing components call for stringent quality control after every step of assembly. Dedicated techniques, considering the restricted accessibility and complicated shape of the components under test, have to be developed in advance. This applies for example to leak testing of the welds of the plasma vessel and ports, measurement of the exact position of the divertor target plates relative to the coil windings, and reliable manufacture of superconductor joints on site with a resistance of less than 1 n n .
The assembly of W7-X will also be a very demanding task from the logistic point of view, since the delivery of all components is supposed to be according to a 'Tust in time" schedule. The assembly must be done in a close collaboration between the manufacturers of the components, who must do their final work on site, the assembly companies, and IPP personnel.
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